ABSTRACT In this paper, we report on the demonstration of microwave ZnO thin-film transistors (TFTs) grown by metal organic chemical vapor deposition (MOCVD) on a SiO 2 /Si substrate. In order to realize the microwave performance ZnO TFTs grown by MOCVD, the inverted staggered type device structure and the high quality Al 2 O 3 gate dielectric layer grown by atomic layer deposition were employed. ZnO TFTs show the depletion mode operation and exhibit an on/off drain current ratio of 6.7 × 10 6 , a peak transconductance of 124 μS, and a field-effect mobility (μ FE ) of 23.3 cm 2 /V·s, respectively. As a result of excellent dc performance, a cut-off frequency ( f T ) of 0.73 GHz and a maximum oscillation frequency ( f max ) of 2 GHz were achieved.
I. INTRODUCTION
Zinc oxide (ZnO) is a wide-bandgap semiconductor material of the II-IV group with native n-type doping. With outstanding material properties, such as good optical transparency, decent electron mobility, wide bandgap, and strong luminescence at room temperature [1] , [2] , ZnO has been intensively used as an active layer material in thin-film transistors (TFTs) and various applications such as transparent sensor and transparent electronic circuits etc. [3] - [5] . High speed ZnO TFTs, which operate in a microwave regime, can offer more functions and capabilities in transparent wireless electronics applications and could potentially enable RF System-on-Glass. However, the operation speed of these ZnO TFTs largely remains in a low frequency range for past decades due to its low field-effect mobility value. One of the key factors that enable the microwave ZnO TFTs is to realize the high field-effect mobility value. As of date, ZnO thin films with high mobility have been grown by pulse laser deposition (PLD) [6] - [8] or sputtering [9] , [10] and have been demonstrated in the applications of microwave/RF TFTs [11] , [12] . However, these deposition methods exhibit poor step coverage and high defect density. On the other hand, the ZnO thin-film grown by metal organic chemical vapor deposition (MOCVD) offers clear advantages over the sputtering and the PLD, such as better conformity, composition tuning capability, and lower surface damage during growth [13] , [14] . The MOCVD method is more suitable for mass production due to the capability of uniform deposition on a large area [15] - [17] . Therefore, the ZnO TFTs fabricated by using the MOCVD technique offers a practical route to realize high performance commercial electronic applications.
In this paper, we demonstrate the microwave ZnO TFTs that were grown by MOCVD on a SiO 2 /Si substrate. In order to further improve electrical properties of ZnO grown by MOCVD and realize the microwave performance by using a MOCVD ZnO layer, we have engineered two major parts: (1) Adapt the inverted staggered device structure and (2) Apply the high quality Al 2 O 3 dielectric layer grown by atomic layer deposition (ALD). Firstly, it is known that the inverted staggered device configuration (bottom gate) has been used to facilitate the fabrication process and enhance the electrical properties of the MOCVD grown ZnO layer [18] was grown by ALD not only suppressed the gate leakage but also passivated the ZnO thin film [19] , [20] . Besides the high dielectric constant of Al 2 O 3 , it has been reported that the ZnO layer passivated by the ALD Al 2 O 3 layer effectively lowers the surface recombination rate and the defect density [21] , [22] . The ZnO TFTs showed the depletion mode operation and exhibited good microwave performance with a cut-off frequency ( f T ) of 0.73 GHz and a maximum oscillation frequency ( f max ) of 2 GHz. Overall, microwave ZnO TFTs were successfully demonstrated using MOCVD and applying the Al 2 O 3 gate dielectric.
II. EXPERIMENT
The device fabrication began with growing 300 nm SiO 2 on high-resistance Si wafer in the furnace to reduce the RF loss through the substrate, followed by forming bottom gate electrodes (Ni/Au, 10 nm/90 nm) using e-beam evaporation. A 60 nm thick Al 2 O 3 layer as a gate dielectric at 120 • C and a 60 nm thick ZnO film as an active layer at 400 • C were deposited by using ALD and MOCVD, respectively. The ZnO mesa active regions were wet-etched by using a diluted HCl etchant (HCl: DI water = 1:100), followed by annealing in the furnace with nitrogen ambient at 400 • C for 10 min in order to improve device current performance [22] . Via holes in the Al 2 O 3 dielectric layer were opened using diluted HF (HF: DI water = 1:100) to connect bottom gate electrodes and top metal pads. The top metal pads (Ti/Pt/Au: 20 nm/20 nm/400 nm) for gate, source, and drain electrodes were deposited by using e-beam evaporation. To prevent the ZnO layer from absorbing oxygen molecules [23] , a 100 nm SiO 2 layer and a 50 nm Si 3 N 4 layer were deposited as passivation layers by e-beam evaporation and plasma enhanced chemical vapor deposition (PECVD), respectively. The via holes for interconnecting were opened by reactive-ion etch (RIE; a mixer of CHF 3 and CH 4 gases) and diluted HF (HF: DI water = 1:100). A schematic illustration of the cross-section of a microwave ZnO TFT is shown in Fig. 1(a) . The microscopic image of the finished device is shown in Fig. 1(b) . The gate length (L G ) and width (W G ) were 1.2 µm and 15 µm, respectively. From device optical image, it can be seen that there is small overlap between gate electrode and source and drain electrodes, respectively. Device I-V characteristics were measured using a semiconductor parameter analyzer (HP4155B) in the dark to avoid any light-induced photocurrents. RF characteristics were measured and extracted from scattering (S-) parameters using an Agilent E8364A performance network analyzer. A bias-tee was used to apply an external DC bias during RF measurement. 
III. RESULTS AND DISCUSSION
Figure 2 [24] , [25] . The XRD results prove that the crystal quality of the MOCVD ZnO thin-film on the Al 2 O 3 gate dielectric deposited by using the atomic layer deposition (ALD) has been improved compared with the previous work in which the MOCVD ZnO thin-film with the SiO 2 dielectric layer deposited by plasma enhanced chemical vapor deposition (PECVD) [13] . Raman spectrum shown in Fig. 2(b) was taken at the active region (marked as ZnO in red in Fig. 1(b) Fig. 3(a) . The TFTs were at normally on-state at a zero gate bias and drain current reduced as with the negative gate bias, suggesting that the TFTs are depletionmode devices. Fig. 3(b) shows the transfer characteristic (I DS -V GS ) of ZnO TFTs and transconductance (g m ) as a function of gate voltage (V GS ) measured at V DS = 5.5 V. The gate leakage current is in or below the 10 −10 A level. The on-off ratio and the threshold voltage (V th ) are about 6.7 × 10 6 and -4.8 V, respectively. It is known that surface charge states can induce both off leakage current and less saturation in the device. We thus speculate the poor gate control is attributed to the surface charges. Tuning the growth condition is currently underway to suppress the surface charge states and improve the film quality. The sub-threshold gate voltage swing is about 800 mV/decade, which is calculated by linearly fitting it to the transfer curve below the threshold point. The threshold voltage, on-off current ratio and subthreshold swing have all been improved with using ALD Al 2 O 3 gate dielectric layer [13] . The field-effect mobility of the device is obtained by the nonlinear fitting of the I D -V GS curve at the max transconductance g m 124 µS based on the following equation [26] :
where C ox is the capacitance per unit area of gate dielectric ALD Al 2 O 3 dielectric layer and µ FE is the field-effect mobility. The calculated µ FE value is 23.3 cm 2 /V·s, which is similar to other TFTs with a MOCVD grown ZnO layer on the single crystalline sapphire substrate [25] , [27] . Figure 4 shows the measured current gain (h 21 ) and the Masons unilateral gain (U-gain) of microwave ZnO TFTs. The small signal microwave characteristics of the device are extracted from S-parameters measured at V GS = -1.4 V are and V DS = 5.5 V. The measured f T and f max , after deembedding, were 0.73 and 2 GHz, respectively. The effective VOLUME 4, NO. 2, MARCH 2016 57 electron drift velocity (v eff ) can be calculated by using the measured f T value based on the following equation [26] :
The calculated v eff is 5.5×10 5 cm/s for this ZnO TFT which is much smaller than the theoretical values of bulk ZnO material [28] . Such a low electron drift velocity value may be attributed to the defects in ZnO films or thin ZnO layer thickness. Further optimizations are underway and higher microwave performance can be achieved by increasing the electron drift velocity as well as by employing a much thinner gate dielectric layer.
IV. CONCLUSION
In conclusion, inverted staggered type microwave ZnO TFTs that were grown by MOCVD on a SiO 2 /Si substrate were successfully demonstrated. The Al 2 O 3 gate dielectric layer grown by ALD showed well-suppressed gate leakage current between the active layer and the gate electrode. ZnO TFTs show the depletion mode operation and exhibit the on/off drain current ratio of 6.7 × 10 6 , a peak transconductance of 124 µS, and the field-effect mobility (µ FE ) of 23.3 cm 2 /V·s, respectively. As a result of excellent DC performance, a cutoff frequency ( f T ) of 0.73 GHz and a maximum oscillation frequency ( f max ) of 2 GHz were achieved. The demonstration suggests that MOCVD-grown ZnO TFTs with a high-quality ALD gate dielectric can be used in microwave ZnO TFTs and provide great potential in wireless biosensor applications or transparent RF electronics. 
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